Review of Yang et al.
Neural circuit organization during early postnatal development requires both patterned gene expression and synchronized electrical activity ("oscillations"), which shape the sensory structures in the cortex (Rakic, 1988; Katz and Shatz, 1996; Spitzer, 2006) . This rhythmic electrical activity has been suggested to be instrumental in controlling neuronal differentiation, synaptogenesis, and synaptic plasticity (Khazipov and Luhmann, 2006) . The spatiotemporal dynamics of these oscillations in vivo, as well as the role of peripheral sensory input in generating these patterns, are not well understood.
A recent study by Yang et al. (2009) in The Journal of Neuroscience examined the spatiotemporal dynamics, developmental profile, and mechanisms of these early developmental oscillations in vivo in the rat somatosensory cortex (S1). The authors performed long-lasting extracellular multielectrode recordings from all cortical layers simultaneously, using an array of 4 ϫ 4 electrodes with 200 m spacing, in neonatal rats at different ages ranging from postnatal day (P)0 to P7. They reported the presence of three distinct forms of synchronized oscillatory activity, namely, spindle bursts (ϳ10 Hz), gamma oscillations (ϳ40 Hz), and long oscillations (ϳ12 Hz).
Consistent with previous work (Khazipov et al., 2004; Dupont et al., 2006) , Yang et al. (2009) found that spindle bursts (short second long bursts of ϳ10 Hz oscillations) represented the dominant activity pattern in S1, with the majority of events occurring synchronously at recording sites spaced ϳ200 -400 m horizontally and ϳ600 m vertically, resembling the dimensions of a cortical column. The spindle bursts were found in all animals recorded and showed an age-dependent increase in occurrence (from two to six times per minute), amplitude (121 to 442 V), and intrinsic frequency (8 to 11 Hz) during the first postnatal week.
Whereas spindle bursts had been observed previously, this article describes for the first time the presence of fast gamma oscillations and long oscillations in the cortex of young rat pups. Gamma oscillations (200 ms events of ϳ40 Hz oscillations) were confined to the barrel field and were more localized than spindle bursts (ϳ200 ϫ ϳ200 m) and showed a similar developmental increase in occurrence (from two to seven times per minute) and amplitude (95 to 154 V) but their intrinsic frequency remained constant. The third subtype, long oscillations, occurred infrequently, once every 20 min, and often had a duration of Ͼ50 s. Of all three types of oscillations they were the most widespread and could be recorded from all areas of S1 synchronously (ϳ600 ϫ ϳ600 m). They resemble Ca 2ϩ waves in their spatial synchronization and might play a role in regulating long-distance wiring in the immature cortex (Garaschuk et al., 2000; Peinado, 2000) .
Unlike spindle bursts, the gamma and long oscillations occurred in only ϳ50% of the animals. The absence of these oscillations in some animals, possibly due to gender, age, or hormonal differences, may be worth investigating in future experiments. Additionally, because the type of anesthetics used and the depth of anesthesia often affect the occurrence and the characteristics of observed oscillations in vivo, these factors may also have been responsible for the absence of oscillations in a subset of animals. Interestingly, the authors found that the characteristics of oscillations were the same when deep ice cooling was used for anesthesia, supporting the idea that these are physiologically relevant activity patterns and not due to a pharmacological effect secondary to anesthetic administration.
The authors further investigated whether these oscillations are generated intrinsically in S1 and, if not, the extent to which peripheral sensory input plays a role in their initiation. By stimulating the whisker pad both mechanically and electrically, Yang et al. (2009) found that they could induce spindle bursts as well as gamma oscillations with properties identical to the ones occurring spontaneously. Conversely, silencing of peripheral sensory input, by injecting 2% lidocaine subcutaneously into the whisker pad, significantly reduced both spindle bursts and gamma oscillations. The already low incidence of long oscillations under control conditions precluded any similar conclusion being drawn, and if investigated would involve very long recording times. These results suggest that peripheral sensory input can drive oscillations in S1 and that oscillations can occur without whisker input also, but it is unknown whether the latter are generated intrinsically in S1 or are the result of input from other brain regions.
Assuming that different types of oscillations have different functions during cortical development, further investigation of which type of input from the whisker pad leads to an induced spindle burst or gamma oscillation would be interesting. In addition, the extent to which the intrinsically generated cortical oscillations are dependent on early sensory input remains unknown. Detailed investigation using prolonged sensory deprivation (e.g., slow and extended lidocaine release from implanted polymer beads or depriving a row of whiskers) would further clarify the role of sensory input in shaping intrinsic cortical activity. Recently, it has been observed that different sensory deprivation paradigms, i.e., monocular eyelid closure or drug-induced retinal inactivation, can have major consequences for the properties of individual neurons and by extension that of the network and network activity (Linden et al., 2009) .
During early development, thalamocortical axons grow and interact with subplate neurons before they synapse onto layer 4 neurons within the cortical plate. The transient subplate neuron population plays an important role in thalamocortical axon pathfinding during early stages of neural circuit refinement (Katz and Shatz, 1996; Catalano and Shatz, 1998) . Furthermore, in vitro studies have shown that the subplate is essential in driving oscillations in the early somatosensory cortical network, which switches from an electrically activated, gapjunction-coupled, subplate-driven syncitium to an NMDA-receptor-dependent chemical synaptic network (Dupont et al., 2006) . To investigate the role of subplate in the generation of oscillations in vivo, Yang et al. (2009) used current-source density analysis on events recorded from all cortical layers simultaneously. They found a sink in the subplate concurrent with a source in the cortical plate in ϳ60 -70% of cases, for all three types of oscillations. In addition, the multiunit activity in the subplate seemed to precede that of the cortex. These results suggest that activity is driven from the subplate, and subplate ablation experiments using immunotoxins could confirm their direct involvement. However, the subplate most likely consists of a heterogeneous population of both excitatory and inhibitory neurons with different morphophysiological properties (Allendoerfer and Shatz, 1994) . Recent techniques, such as optogenetic activation of specific populations of subplate neurons, would be better suited to determine how specific subplate neuron types are involved in generating early network oscillations. The remaining 30 -40% of the cortical oscillations were without a significant sink in the subplate, suggesting local cortical generation, but these might have been driven by activity arriving from other cortical areas or hemisphere.
As it has been shown that both NMDA receptors and gap junctions are important for oscillations in vitro (Dupont et al., 2006) , the authors investigated whether these could also play a role in generating oscillations in vivo. Topical application of the NMDA receptor antagonist DL-AP5 or the gap junction blocker carbenoxolone to the cortical surface significantly reduced spindle and gamma oscillations by ϳ50%, suggesting their involvement in the generation of these oscillations. However, because the authors did not apply both blockers simultaneously, it is not known whether they are necessary and sufficient for the generation of spindle and gamma oscillations. Further investigation of the role of gap junctions in the generation of these oscillations could additionally be investigated in juvenile Connexin36 Ϫ/Ϫ mice. Layer 4 of somatosensory cortex also contains a gap-junction-coupled glial network (Houades et al., 2008) . Gliotransmission modulates slow cortical oscillations in the adult somatosensory cortex (Fellin et al., 2009 ) and might also have an important role in the generation of oscillations seen during development. Furthermore, GABA, which has been shown to be depolarizing during the first postnatal week (Ben-Ari, 2002) , might contribute to the early network activity observed. A cortical circuit consisting of only excitatory neurons, with an intrinsic resonance frequency at ϳ40 Hz, could also generate gamma oscillations (Pike et al., 2000) . The relationship between single cells and network activity could be further investigated by combining multielectrode recordings with in vivo patching of individual cortical neurons.
In summary, this interesting study shows for the first time the existence of several distinct types of oscillatory activity in the developing somatosensory cortex in vivo. These oscillations have varying developmental and spatiotemporal properties and, most likely, have different functions in the development of the cortical circuitry. The cellular mechanisms underlying each type of oscillation are only beginning to be elucidated and will provide much insight into their potential role in cortical development. Future work will help us to understand the interaction between these oscillations and patterned gene expression in laying the foundations of the cortical template and later shaping and refining the cortical circuitry.
